Objective-Angiopoietin-1 (Ang-1) is an important regulator of angiogenesis in endothelial cells. It promotes migration, proliferation, and differentiation of cells, although the regulating factors involved in these processes remain unclear. In this study, we evaluated the contribution of the transcription factor early growth response-1 (Egr-1) to Ang-1-induced angiogenesis in human umbilical vein endothelial cells (HUVECs). Methods and Results-Expression of Egr-1 was evaluated with real-time PCR and immunoblotting, whereas Egr-1 DNA binding activity was monitored with electrophoretic mobility shift assays. Cell migration was measured with wound healing and Boyden chamber assays, whereas cell proliferation and differentiation of cells into capillary-like tube structures were monitored with cell counting, BrdU incorporation and Matrigels. To selectively inhibit Egr-1 expression, we used both siRNA oligonucleotides and specific DNAzymes. Egr-1 mRNA expression rose approximately 9-fold within 2 hours of Ang-1 exposure and declined thereafter. Upregulation of Egr-1 expression was accompanied by an increase in nuclear mobilization and augmented DNA binding. These processes were mediated through the Erk1/2, PI-3 kinase/AKT, and mTOR pathways. Knockdown of Egr-1 expression completely abrogated Ang-1-induced endothelial migration and significantly reduced proliferation and capillary-like tube formation of HUVECs that overexpress Ang-1.
control vehicle (phosphate buffered saline, PBS) or 300 ng/mL of COMP-Ang-1 and standard Ang-1 proteins. COMP-Ang-1 is a soluble, stable, and potent recombinant chimera made by replacing the N-terminal of Ang-1 with the short coiled-coil domain of cartilage oligomeric matrix protein (COMP). 8 Cells were collected after 30 minutes to 6 hours of exposure and examined for Egr-1 and Nab2 mRNA and protein expressions. Cells were also exposed to either VEGF-A (80 ng/mL), COMP-Ang-1 (300 ng/mL), or a combination of the two. Cells were collected after 1 hour of exposure and examined for Egr-1 mRNA and protein expressions. In additional experiments, serum-starved HUVECs were preincubated for 1 hour with U0126 or PD98059 (30 mol/L of each, inhibitors of Erk1/2 MAPKs), SB203580 (10 mol/L, inhibitor of p38 MAPKs), SP600125 (15 mol/L, inhibitor of SAPK/JNK pathway), wortmannin (50 nmol/L, inhibitor of PI-3 kinase), rapamycin (50 ng/mL, inhibitor of mammalian target of rapamycin, mTOR), and U0126ϩSB203580 or PD98059ϩSB203580. Cells were then exposed to a control vehicle (PBS) or COMP-Ang-1 (300 ng/mL) for 1 hour and were then collected and examined for Egr-1 mRNA and protein expression.
Transfection With siRNA Oligonucleotides
Serum-starved HUVECs were transfected with 10 nmol/L of either Egr-1-specific or scrambled negative control Dicer-substrate siRNA duplexes (Integrated DNA Technologies) using HiPerfect transfection reagent (Qiagen) according to the manufacturer's instructions. Gene silencing was monitored 24 hours later by performing real-time PCR experiments and immunoblotting for Egr-1.
Transfection With DNAzymes
RNA-cleaving phosphodiester-linked DNA-based enzymes (DNAzymes) are cation-dependent enzymes made up entirely of DNA that can be designed to cleave target mRNA in a gene-specific and catalytically efficient manner. DzF is a DNAzyme engineered to target the A 301 U site of human Egr-1 mRNA. 6 HUVECs were maintained in starvation medium for 6 hours and then transfected overnight with 0.05 mol/L of either DzF (Egr-1 DNAzyme) or DzFSCR (scrambled DNAzyme) using HiPerfect transfection reagent. Gene silencing was monitored 24 hours later using real-time PCR and immunoblotting for Egr-1.
Generation of MSCV and MSCV-Ang1 HUVECs
HUVECs were transduced with retroviruses expressing an empty MSCV-pac (empty vector) or MSCV-pac containing murine Ang-1 cDNA, respectively. Transient transfections of the Ampho Phoenix packaging cell line were performed using Fugene 6 transfection reagent. Viral supernatants from transfected packaging cell lines were used to transduce HUVECs in multiple rounds of infection and positively transduced cells were selected in puromycin.
Real-Time PCR
Total RNA (2 g) was reverse transcribed using 200 Superscript II Reverse Transcriptase in a reaction mixture containing 0.5 mmol/L dATP, dCTP, dGTP, and dTTP, 40 U of RNase inhibitor, 50 pmol random hexamers, 3 mmol/L MgCl 2 , 75 mmol/L KCl, 50 mmol/L Tris-HCl (pH 8.3), and DTT 20 mmol/L. Real-time PCR was performed using a 7500 Real-Time PCR System (Applied Biosystems) and primers designed to amplify human transcripts of Egr-1 and Nab2 (TaqMan assays) and VEGFR-1 (Flt-1), VEGF-A, VEGF-C, hepatocyte growth factor (HGF), heparin-binding EGFlike growth factor (HB-EGF), platelet-derived growth factor B (PDGF-B), FGF-2, the chemokine receptors CXCR4, interleukin-8 (IL-8), and GAPDH (see supplemental materials, available online at http://atvb.ahajournals.org). These genes are known targets of the Ang-1/Tie-2 receptor pathway and Egr-1-mediated transcription. 4, 5 Genes were detected 24 hours after transfection of HUVECs with siRNA oligonucleotides or DNAzymes. Results were analyzed using the comparative threshold cycle (C T ), as previously described. 4
Egr-1 Promoter Activity
HUVECs were transfected with a firefly luciferase reporter plasmid driven by 699 bp segment of human Egr-1 promoter (Accession # AJ245926, a generous gift from Dr S. Harada, University of Pennsylvania). 9 Cells were treated either with vehicle or 300 ng/mL of COMP-Ang-1 for 4 hour. Firefly luciferase activity was measured using the Dual Luciferase Assay Kit and normalized to relative firefly luciferase activity.
Egr-1 mRNA Stability
Serum-starved HUVECs were exposed for 30 minutes to 300 ng/mL of COMP-Ang-1. Cells were then washed and maintained in fresh medium containing actinomycin D (5 g/mL) or fresh medium containing actinomycin D plus 300 ng/mL of COMP-Ang-1. Cells were collected 60, 90, and 120 minutes later. Egr-1 mRNA was evaluated and expressed as percent of that measured after 30 minutes stimulation with COMP-Ang-1.
Electrophoretic Mobility Shift Assay
Wild-type Egr-1 oligonucleotide probes (5Ј-GGA TCC AGC GGG GGC GAG CGG GGG CGA-3Ј) were end-labeled using [␥-32 P] ATP and T4-kinase. Binding reactions of these probes with 5 g of nuclear extracts of HUVECs stimulated with control vehicle (PBS) or COMP-Ang-1 were performed according to the manufacturer's instructions (Active Motif). Competition assays were performed with unlabeled wild-type and mutated Egr-1 oligo competitors (5Ј-GGA TCC AGC GGG TAC GAG CGG GTA CGA-3Ј), and supershift analysis was performed with Egr-1 antibody (2 g). Binding complexes were resolved by nondenaturing polyacrylamide gel electrophoresis. Gels were then fixed, dried, and exposed on autoradiography film.
Wound Healing Assay
Cells were maintained in complete medium to confluence and then wounded using a 200 L-pipette tip. Control vehicle (PBS) or COMP-Ang-1 (300 ng/mL) was added and wound healing was quantified 12 hours later with inverted bright field microscopy, as previously described. 10
Boyden Chamber Assay
Migration of HUVECs was quantified using 24-well transwell polycarbonate inserts (8.0 m pore size) of modified Boyden chambers. 11 HUVECs transfected with either Egr-1-siRNA or scrambled-siRNA oligonucleotides were seeded in upper compartments at a density of 10 5 cells/100 L of basal medium. PBS or COMP-Ang-1 (300 ng/mL) was added in lower compartments. The apparatus was then incubated at 37°C in a CO 2 incubator for 5 hours. Migration was then quantified, as previously described. 11
Proliferation Assays
For cell counting, cells were cultured in basal medium plus 2% FBS. After 48 hours, cells were trypsinized and counted using a hemacytometer. For BrdU incorporation, cells were plated in 96-well plates. After 24 hours, cells were pulsed with 10 mol/L of BrdU and incubated for an additional 24 hours. Cells were then fixed and labeled according to the manufacturer's instructions (Roche Applied Science). The absorbance of samples was measured at 370 nm.
Capillary-Like Tube Formation Assays
MSCV and MSCV-Ang-1 HUVECs transfected with scrambled and Egr-1 siRNA oligos (2ϫ10 5 cells per well) were seeded into growth factor-reduced Matrigel-coated 24-well plates in basal medium plus 1% FBS. Images of tube formation were captured 24 hours later using an inverted microscope using a 10ϫ objective. Images from a total of 7 to 10 fields per well were analyzed by Image Pro software (Media Cybernetics). Angiogenic activity was determined by counting the branch points of formed tubes and the average number of branch points was calculated, as previously described. 12 Each experiment was repeated 6 times.
Immunoblotting
Total cell lysates were boiled and then loaded onto tris-glycine SDS-polyacrylamide gels. Proteins were electrophoretically transferred onto polyvinylidene difluoride membranes, blocked with 5% dry milk, and subsequently incubated with specific polyclonal antibodies. Activation of Erk1/2 was assessed with a phosphospecific antibody (Thr 202 /Tyr 204 ). Proteins were detected with HRPconjugated secondary antibodies and ECL. For all immunoblots, equal protein loading was verified using anti-␣-tubulin antibody.
Data Analysis
Data were expressed as meansϮSE. Differences between experimental groups were determined by 1-way ANOVA and were considered statistically significant at PϽ0.05. A similar analysis was used to compare cells transfected with siRNA oligos and DNAzymes and between MSCV and MSCV-Ang-1 cells.
Results
The time course of Egr-1 expression was assessed by treating HUVECs with COMP-Ang-1 (300 ng/mL) for 30 minutes, 1, 2, 3, and 6 hours. COMP-Ang-1 elicits significant induction of Egr-1 mRNA and protein expressions in a time-dependent fashion ( Figure 1A through 1C ). Standard Ang-1 protein (300 ng/mL) also elicits significant induction of Egr-1 protein, in a fashion similar to that elicited by COMP-Ang-1 ( Figure 1D ). Mobilization of Egr-1 protein to the nucleus was evaluated by separating HUVEC lysates collected after 1 hour of vehicle or COMP-Ang-1 treatment into cytosolic and nuclear fractions. COMP-Ang-1 enhances nuclear accumulation of Egr-1 protein ( Figure 1E ). In addition, COMP-Ang-1 significantly increases Egr-1 DNA binding activity as detected by electrophoretic mobility shift assays ( Figure 1F ).
To identify the mechanisms through which Ang-1 induces Egr-1 expression in HUVECs, we measured human Egr-1 promoter activity and Egr-1 mRNA stability. COMP-Ang-1 significantly induces Egr-1 promoter activity (Figure 2A ) suggesting that Ang-1 does indeed enhance Egr-1 expression through increased transcription. However, COMP-Ang-1 has no influence on the rate of decline in Egr-1 mRNA expression after transcription inhibition by actinomycin D (Figure 2B ), suggesting that Egr-1 mRNA stability is not influenced by COMP-Ang-1. The involvement of the PI-3 kinase, Erk1/2, p38, SAPK/ JNK, and mTOR pathways in Ang-1-induced Egr-1 expression was evaluated by using selective inhibitors of these pathways. When HUVECs are incubated with inhibitors alone, no significant induction of Egr-1 protein expression is observed (supplemental Figure I) . However, inhibition of the Erk1/2, PI-3 kinase/AKT, and mTOR pathways results in significant attenuation of Ang-1-induced Egr-1 mRNA and protein expressions, with SAPK/JNK inhibition having no effect ( Figure 2C and 2D) . Inhibition of p38 MAPKs by SB203580 results in augmentation of COMP-Ang-1-induced Egr-1 expression; however, when SB203580 was present along with inhibitors of the Erk1/2 pathway (U0126 and PD98059), Egr-1 expression is attenuated to levels significantly lower than those observed with COMP-Ang-1 alone ( Figure 2C and 2D) . These results suggest that the Erk1/2 and PI-3 kinase/AKT pathways promote Egr-1 expression, whereas the p38 MAPK pathway inhibits Egr-1 expression. They also suggest that the inhibitory effects of p38 MAPK on Egr-1 expression are mediated through a negative influence on the Erk1/2 pathway. 13 This was verified by observing that Erk1/2 activation in response to 15 minutes exposure to COMP-Ang-1 was augmented when p38 MAPKs were inhibited with SB203580 and PD169316 (supplemental Figure II) .
To evaluate the nature of interactions between Ang-1 and VEGF pathways in regulating Egr-1 expression, we exposed HUVECs for 1 hour to VEGF, COMP-Ang-1, and a combination of the two. VEGF (80 ng/mL) significantly induces Egr-1 expression, and when combined with COMP-Ang-1 the augmentation of Egr-1 expression occurs in an additive fashion ( Figure 3A and 3B) . We also monitored the influence of Ang-1 on the expression of the inducible corepressor of Egr-1, namely, Nab2. COMP-Ang-1 elicits a transient, yet significant, inhibition of Nab2 mRNA expression, followed by a significant rise after 1 hour ( Figure 3C ). Inhibition of Nab2 protein expression occurs after 1 hour of COMP-Ang-1 treatment, followed by significant induction at 2 hours ( Figure 3C) .
To evaluate the functional importance of Egr-1 in the biological responses to Ang-1 in ECs, we used siRNA oligos and DNAzymes to attenuate Egr-1 expression. We first confirmed that Egr-1 mRNA and protein levels, in both control and COMP-Ang-1-treated HUVECs, are significantly attenuated after transfection with Egr-1 siRNA oligos and DNAzymes (DzF; supplemental Figure III) . We then used wound healing and Boyden migration assays to evaluate the importance of Egr-1 in Ang-1-induced EC migration. In untransfected cells, and in those transfected with DzFSCR, COMP-Ang-1 significantly enhances wound healing ( Figure  4A ). In comparison, COMP-Ang-1 fails to promote wound healing in cells transfected with DzF ( Figure 4A) . Similarly, COMP-Ang-1 triggers a significant increase in cell migration in untransfected HUVECs and those transfected with scrambled siRNA oligos but not in cells transfected with Egr-1 siRNA oligos ( Figure 4B ).
To evaluate the involvement of Egr-1 in Ang-1-induced EC proliferation and capillary-like tube formation, HUVECs that overexpress Ang-1 (MSCV-Ang-1 cells) were generated using a retroviral vector. 13 These cells produce and secrete Ang-1 protein into the culture medium, which gets incorporated into the extracellular matrix (supplemental Figure IV) . MSCV-Ang-1 HUVECs proliferate faster than MSCV cells (supplemental Figure IV) . In addition, both MSCV and MSCV-Ang-1 HUVECs grown on growth factor-reduced Matrigel matrices show the appearance of a network of capillary-like tubes which peaks after 24 hours; however, these angiogenic changes are stronger and the tubes are more stable in MSCV-Ang-1 HUVECs as compared to MSCV cells (supplemental Figure IV) . Finally, significantly greater levels of Egr-1 mRNA were detected in MSCV-Ang-1 cells, as compared to MSCV cells (supplemental Figure IV) . These results are strongly supportive of the notion that elevated expressions of Egr-1 in MSCV-Ang-1 HUVECs are responsible, in part, for enhanced migration, proliferation, and capillary-like tube formation of these cells. This was confirmed by observing that enhanced proliferation and capillary-like tube formation of MSCV-Ang-1 cells are significantly attenuated when Egr-1 expression is knocked down (Figure 5A through 5C ). Finally, we evaluated whether Egr-1 regulates the expression of proangiogenesis growth factors and receptors in HUVECs by transfecting these cells with scrambled and Egr-1 siRNA oligos. Transfection with Egr-1 siRNA oligos significantly reduces expressions of PDGF-B, FGF-2, IL-8, and Flt-1ϫ58%, 48%, 37%, and 66%, respectively, but has no influence on VEGF-A, VEGF-C, HB-EGF, HGF, or CXCR4 expressions (supplemental material).
Discussion
The main findings of this study include: (1) in ECs, Ang-1 induces a significant increase in the expression and DNA binding of Egr-1, through the Erk1/2, PI-3 kinase/AKT, and mTOR pathways; (2) induction of Egr-1 by Ang-1 is accomplished through enhanced transcription, not through increased mRNA stability; (3) the effects of Ang-1 and VEGF on Egr-1 expression are additive; (4) Egr-1 plays an important role in Ang-1-induced migration, proliferation, and capillary-like tube formation of ECs; and (5) inhibition of Egr-1 expression in ECs significantly attenuates the expression of PDGF-B, FGF-2, Flt-1, and IL-8.
Regulation of Egr-1 Expression
In ECs, little is known about transcription factors that are involved in regulating gene expression downstream from Tie-2 receptors. We report here that exposure of ECs to COMP-Ang-1 or standard Ang-1 elicits significant induction of Egr-1 expression and enhanced Egr-1 DNA binding activity. Previous reports have confirmed that Egr-1 is activated in ECs by many proangiogenesis growth factors, including FGF-2 and EGF, 14, 15 and, in the present study, the induction of Egr-1 expression by Ang-1 is qualitatively similar to those responses. We also report here that a combination of Ang-1 and VEGF has an additive effect on Egr-1 expression. This observation suggests that each of these growth factors activates similar signaling pathways. Indeed, we have recently reported that Ang-1 and VEGF exert an additive effect on Erk1/2 pathway activation. 10 In addition, in HUVECs, many of the same genes that are upregulated after 4-hour exposure to VEGF are also upregulated by Ang-1 treatment. 16 The MAPK and the PI-3 kinase/AKT pathways have recently emerged as major signaling pathways through which Tie-2 receptors regulate EC functions such as survival, migration, adhesion, and proliferation. 1 Moreover, reports have confirmed that the Erk1/2 pathway plays an important role in mediating Egr-1 responses to many mediators, including EGF, 15 whereas the p38 MAPKs promote prostaglandin E2-induced Egr-1 expression. 17 In turn, these signaling pathways activate various transcription factors, including serum response factor, c-Fos, c-Jun, ATF2, Elk-1, and SP-1, which then bind selective binding sites on Egr-1 promoter. The present results indicate that Ang-1-mediated induction of Egr-1 transcription in HUVECs is dependent on the Erk1/2, PI-3 kinase/AKT, and the mTOR pathways. In a recent study, we reported that the Ang-1/Tie-2 receptor pathway stimulates the production in ECs of the chemokine IL-8 and that this response is mediated through the PI-3 kinase/AKT and Erk1/2 pathways and SAPK/JNK members of the MAPKs, whereas the p38 pathway inhibits IL-8 production through selective inhibition of Erk1/2 phosphorylation. 13 The present results indicate that activated Tie-2 receptors use the Erk1/2 and PI-3 kinase/AKT pathways to upregulate Egr-1 expression in a fashion similar to that observed regarding IL-8 induction ( Figure 5D ). In addition to the Erk1/2 and PI-3 kinase/AKT pathways, we report here that Ang-1-induced Egr-1 expression is significantly attenuated by rapamycin, suggesting the involvement of the mTOR network ( Figure 2 ). We have recently reported that mTOR and its downstream effector, p70S6 kinase, are activated downstream from Tie-2 receptors in HUVECs and that mTOR participates in Ang-1induced alterations in the HUVEC transcriptome. 4 Very little is known about interactions between Egr-1 and the mTOR network, although it has been demonstrated that induction of Egr-1 expression is mediated, in part, through the mTOR/P70S6 kinase pathway during skeletal myoblast differentiation. 18 We also confirm here that the p38 MAPK pathway inhibits Egr-1 transcription and that this effect is mediated through a negative influence on Erk1/2 pathway activation. It has been previously reported that this modulatory effect of the p38 MAPKs on Erk1/2 activity is mediated through the inhibitory effect of PP2A phosphatase on MEK1/2 phosphorylation. 19 Previous 3,4,13 and present results suggest that the Erk1/2 pathway contributes positively to Ang-1-induced survival, migration, and proliferation of ECs. The p38 MAPK pathway, in contrast, acts as an inhibitory biological switch through which other stimuli regulate the degree to which the Ang-1/Tie-2 axis modulates angiogenic processes.
Regulation of EC Migration, Proliferation, and Capillary-Like Tube Formation by Egr-1
The present study reveals that Ang-1 stimulates EC migration and capillary-like tube formation and that knocking down Egr-1 expression using siRNA oligos or DNAzymes attenuates these effects of Ang-1. Exogenous Ang-1 protein elicits a mild increase in cell proliferation. 20 To enhance the proproliferative effects of Ang-1 and to reproduce conditions similar to the in vivo vascular environment, whereby ECs are exposed to sustained Ang-1 production derived from vascular smooth muscles, we generated a HUVEC line using retroviruses that stably produces Ang-1 (MSCV-Ang-1). 13 In these cells, Ang-1 induces significant cell proliferation, which is associated with upregulation of Egr-1 expression. However, the mechanisms through which Egr-1 modulates EC proliferation, migration, and capillary-like tube formation are still under investigation. One possibility is that Egr-1 upregulates the production of proangiogenesis growth factors and that these factors act in an autocrine fashion to stimulate EC proliferation, differentiation, and migration. This hypothesis is supported by reports documenting Egr-1-mediated induc-tion of FGF-2, PDGF-A, PDGF-B, and IGF-II in various models of in vitro and in vivo angiogenesis. 6, 21 The functional importance of Egr-1 in cellular proliferation that is induced by these factors, particularly by FGF-2-and G-CSF, was confirmed using siRNA oligos and selective Egr-1 DNAzymes. 6 The present study confirms that Egr-1 regulates the expression of selective proangiogenesis growth factors such as PDGF-B and FGF-2 but is not involved in regulating others, such as VEGF-A, VEGF-C, and HGF. This observation raises the possibility that Egr-1 contributes to Ang-1-induced proliferation and migration through the release of growth factors such as PDGF-B and FGF-2.
Another likely mechanism through which Egr-1 promotes Ang-1-induced proliferation, differentiation, and migration of HUVECs is the production of IL-8. IL-8 is endogenously produced by ECs and may directly promote EC proliferation, differentiation, and migration through activation of CXCR1 and CXCR2. 22 We have recently reported that Ang-1 elicits significant upregulation of IL-8 production in HUVECs and that IL-8 contributes significantly to Ang-1-induced proliferation and migration of these cells. 13 The present study suggests that Egr-1 is involved in the regulation of IL-8 production in ECs; however, little is known about the link between Egr-1 and IL-8 in these cells. Giri et al 23 reported that attenuation of Egr-1 expression triggers a significant reduction of IL-8 expression in the monocytic THP-1 cells stimulated with amyloid peptides. 23 Chromatin immunoprecipitation analysis has also revealed the presence of Egr-1 binding sites in IL-8 promoter. 24 Additional studies are clearly needed to investigate the precise downstream pathways through which Egr-1 regulates Ang-1-induced proliferation and migration of ECs.
In summary, we report, as an original finding, that Ang-1 induces the expression and activation of the transcription factor Egr-1 and that this effect is mediated through the Erk1/2, PI-3 kinase/AKT, and mTOR pathways. Our results also indicate that Egr-1 contributes significantly to Ang-1induced migration, proliferation, and capillary-like tube formation of ECs.
